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Abstract 20 

Microsporidia are obligate intracellular pathogens capable of infecting a wide 21 

variety of hosts ranging from invertebrates to vertebrates. The infection process 22 

requires a step of prior adherence of Microsporidia to the surface of host cells. A few 23 

studies demonstrated the involvement of proteins containing a ricin-B lectin (RBL) 24 

domain in parasite infection. In this study Anncalia algerae and Encephalitozoon 25 
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cuniculi genomes were screened by bioinformatic analysis to identify proteins with an 26 

extracellular prediction and possessing RBL-type carbohydrate-binding domains, 27 

being both potentially relevant factors contributing to host cell adherence. Three 28 

proteins named AaRBLL-1 and AaRBLL-2 from A. algerae and EcRBLL-1 from E. 29 

cuniculi, were selected and comparative analysis of sequences suggested their 30 

belonging to a multigenic family, with a conserved structural RBL domain despite a 31 

significant amino acid sequence divergence. The production of recombinant proteins 32 

and antibodies against the three proteins allowed their subcellular localization on the 33 

spore wall and/or the polar tube. Adherence inhibition assays based on pre-34 

treatments with recombinant proteins or antibodies highlighted the significant 35 

decrease of the proliferation of both E. cuniculi and A. algerae, strongly suggesting 36 

that these proteins are involved in the infection process.  37 

 38 
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 41 

1. Introduction 42 

Microsporidia are obligate intracellular eukaryotic parasites including over 200 43 

genera and 1400 species that have been characterized [1]. Microsporidia were 44 

identified more than 150 years ago as etiologic agent of the Pebrine disease in 45 

silkworms with the identification of Nosema bombycis [2]. Microsporidia can infect a 46 

wide variety of hosts ranging from invertebrates to vertebrates and are reported to be 47 

involved in protists and in all major groups of animals, including human [3,4]. Thus, 48 

Microsporidia can cause significant economic losses in fish and shrimp farming, 49 

sericulture and beekeeping [5–7]. Microsporidia are phylogenetically classified to 50 
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Fungi, either as a basal branch of the Fungi or as a sister group [8–10], and most 51 

likely related to the Cryptomycota [11,12].  52 

The life cycle of Microsporidia is divided into three phases including the 53 

infective phase, the proliferative phase and the sporogonial phase. The spore 54 

constitutes the infective stage, and the only extracellular form of the parasite, able to 55 

persist in the environment for months thanks to a resistant thick two-layered wall and 56 

contributing to the parasite dissemination [4,13,14]. Microsporidia infect host cells 57 

through a unique and highly specialized invasion process, involving a tubular 58 

structure coiled within the spore termed the polar tube. After spore discharge, the 59 

extruded polar tube is used for inoculating the infective sporoplasm into the host cell 60 

cytoplasm, in which the parasite proliferation takes place [15–17]. Spore discharge 61 

occurs in different steps, including (i) an activation phase, (ii) the increase of the 62 

intrasporal osmotic pressure, (iii) the eversion of the polar tube and (iv) the passage 63 

of the sporoplasm through the polar tube. However, the exact mechanism(s) of this 64 

process is not well understood [18]. The conditions triggering spore activation widely 65 

differ according to species. Some factors promoting spore discharge are determined 66 

such as shift in environmental pH [19,20] or the concentration of various cations or 67 

anions [20,21].  68 

At least three major routes seem to be involved in host cell invasion by 69 

Microsporidia, (i) adherence of spores to host cell receptors prior to polar tube 70 

evagination, (ii) extrusion of polar tube piercing the host cell plasma membrane or (iii) 71 

phagocytosis of the spore followed by the extrusion of the polar tube [22]. Several 72 

studies have demonstrated the importance of some proteins in the infection process, 73 

in particular in the adherence and spore germination processes. Both Spore Wall 74 

Proteins (SWP) and Polar Tube Proteins (PTP) play a major role during the first 75 



 4

interactions between Microsporidia and host cell components. A few SWPs 76 

interacting with heparin-like motifs and glycosaminoglycans were identified from 77 

several microsporidian species such as Encephalitozoon spp., N. bombycis and 78 

Antonospora locustae [23–28]. The spore wall EnP1 protein containing a heparin-79 

binding domain in both Encephalitozoon cuniculi and Encephalitozoon intestinalis, 80 

was identified as a major functional element of the adherence process to host cells. 81 

The use of exogenous recombinant proteins EnP1 or rabbit anti-EnP1 antibodies 82 

decreased the adherence of the spore to host cells and subsequent infection [27]. In 83 

addition, a variety of exogenous sulfated glycans have been shown to inhibit 84 

Encephalitozoon spore invasion into host cells, probably by blocking adherence 85 

process [25,27]. A gene encoding a protein associated to the ADAM (disintegrin and 86 

metalloprotease) family of type I transmembrane glycoprotein was also identified in 87 

the E. cuniculi genome. ADAM proteins are known to be involved in a variety of 88 

biological processes such as cell adherence and proteolysis. The use of exogenous 89 

recombinant MsADAM protein (Microsporidia ADAM) inhibited the adherence of E. 90 

intestinalis spores to host cells but also reduced host cell infection by ∼20%, 91 

suggesting its role in both adherence and infection processes [29].  92 

Some studies were conducted to characterize receptors localized on host cell 93 

surface. The NbSWP26 in N. bombycis was demonstrated to interact with the 94 

immunoglobulin-like protein BmTLP of silkworm Bombyx mori, highlighting its crucial 95 

role in spore invasion of silkworm cells [30]. The Encephalitozoon hellem Polar Tube 96 

Protein PTP4 was shown to be able to bind in vitro to the host cell surface via the 97 

host transferrin receptor 1 (TfR1) protein. Interestingly, interfering with the 98 

interactions between PTP4 and TfR1 led to a decrease in the infection of host cells 99 

[31]. In a few microsporidian species such as Spraguea lophii and N. bombycis, 100 
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proteins containing a Ricin-B Lectin (RBL) domain were identified and their 101 

involvement in parasite infection has been suggested or demonstrated [32,33]. Ricin 102 

is a lectin glycoprotein composed of a chain A and a chain B linked by a disulfide 103 

bond [34]. The B chain is a lectin that binds to cells through interactions with 104 

glycolipids and glycoproteins in particular with β-linked galactose or N-105 

acetylgalactosamine containing glycans localized at the cell surface [35,36]. The 106 

functionality of the NbRBL on the adherence and infection was demonstrated by 107 

incubating anti-NbRBL antibodies with host cells and N. bombycis spores. The 108 

results showed a significant reduction of the spore infectivity associated to a 109 

decreased adherence of spores to host cells [33].  110 

Lectins are biologically active proteins isolated from humans, animals, plants and 111 

microorganisms. Their ability to specifically bind different types of carbohydrates and 112 

their widespread occurrence suggests their importance in various cellular processes 113 

such as cell adherence, apoptosis and proliferation [37]. For example, the bacteria 114 

Bordetella pertussis, responsible of a highly contagious respiratory infectious 115 

disease, possesses a filamentous hemagglutinin that promotes strong attachment of 116 

the bacteria to host cells [38–40]. The attachment of Plasmodium falciparum 117 

merozoites to erythrocytes, leading to invasion, is mediated by a parasite adhesin 118 

called EBA-175 [41,42]. Regarding viruses, the influenza virus also possesses 119 

hemagglutinin involved in binding to sialic acids at the host cell surface. Endocytosis 120 

is a prerequisite before the fusion of the viral envelope with host endosomal 121 

membrane followed by the uptake of the virus into the cell [42–44]. All these data 122 

argue for an important role of pathogen adherence prior to host cell invasion. 123 

In this study, by using bioinformatic tools and preliminary experimental data, 124 

we selected some proteins predicted to be extracellular and possessing 125 
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carbohydrate-binding domains that constitute good candidates for host cell 126 

adherence in E. cuniculi, parasite of mammals including humans and Anncaliia 127 

algerae, parasite of humans and mosquitoes. Thus, two Ricin B Lectin-Like (RBLL) 128 

proteins from A. algerae, AaRBLL-1 and AaRBLL-2 and one from E. cuniculi, 129 

EcRBLL-1 were selected, partly on the basis of the occurrence of a Ricin-B Lectin 130 

domain in their amino acid sequences. Recombinant proteins were produced in 131 

bacteria or yeast in order to obtain specific antibodies that were used to localize 132 

these proteins on the microsporidian spore. Recombinant proteins and mouse 133 

polyclonal antibodies were then used to evaluate the involvement of microsporidian 134 

RBLL proteins in adherence and infection using adherence inhibition assays. 135 

 136 

2. Materials and methods  137 

2.1 Cells, reagents and parasite culture 138 

Human Fetal Fibroblasts (MRC-5) cells (ATCC CCL-171) and Human Foreskin 139 

Fibroblasts (HFF) cells (ATCC SCRC-1041) were cultured in Minimum Essential 140 

Medium Eagle (MEM) (Invitrogen) supplemented with 10% inactivated Fetal Bovine 141 

Serum (FBS) (Invitrogen), 2 mM glutamine (Gibco), 2.5 µg mL-1 amphotericin B 142 

(Dutscher), 100 µg mL-1 kanamycin (Pan Biotech), 25 µg mL-1 gentamicin (Gibco) at 143 

37°C in a humidified 5% CO2 atmosphere.  144 

E. cuniculi and A. algerae cultures were maintained in Madin-Darby Canine Kidney 145 

(MDCK) cells (ATCC CCL-34) and Rabbit kidney (RK13) cells (ATCC CCL-37) 146 

respectively. Confluent monolayers of cells were infected with 5x105 spores of either 147 

E. cuniculi or A. algerae in T75 flasks. The spores were collected from culture media, 148 

purified by passing through 3 µm size filters (Millipore) for E. cuniculi and washed 149 

with sterile water for A. algerae to remove host cells. Spores were then concentrated 150 



 7

at 1600 x g, and stored in phosphate buffered saline (PBS) at 4°C. Spores used in 151 

these experiments were counted using a Kova-cell chamber. MDCK and RK13 cells 152 

were used for parasite production as they correspond to long-term production 153 

systems. However, for the following growth inhibition assays, we used MRC5 and 154 

HFF cells for E. cuniculi and A. algerae respectively, as they enabled a significant 155 

parasite production in few days. 156 

 157 

2.2 Bioinformatics analysis  158 

E. cuniculi and A. algerae local and online protein databases 159 

(https://microsporidiadb.org/micro/) (version June 2020) were screened using cellular 160 

localization prediction tools. The selection of proteins with a potential localization at 161 

cell surface was based on the presence of a predicted signal peptide (SignalP 162 

algorithm (http://www.cbs.dtu.dk/services/SignalP/)) and/or subcellular localization 163 

(WoLF PSORT algorithm (https://wolfpsort.hgc.jp) (version June 2020). Protein motif 164 

prediction (carbohydrate binding domain) was carried out using ExPaSy proteomic 165 

tools such as InterPro (http://www.expasy.org/tools/). Prediction of the structure and 166 

function of the selected proteins was done using the free software Phyre2 tool 167 

(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). 3D model were 168 

obtained using Ezmol tool (http://www.sbg.bio.ic.ac.uk/ezmol/). 169 

However, AaRBLL-1 was not selected by informatics tools as no peptide signal was 170 

detected and no extracellular location was predicted. Indeed, this protein was 171 

obtained from a shaving approach consisting of surface protein recovering using soft 172 

SDS lysis of spore combining with mass spectrometry analysis (Prybylski et al., in 173 

preparation). 174 

 175 
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2.3 Recombinant RBLL protein production and purification  176 

The recombinant proteins were produced in Pichia pastoris (strain KM71H, 177 

Invitrogen) for EcRBLL-1 and in Escherichia coli BL21-λDE3 (PROMEGA) for 178 

AaRBLL-1 andAaRBLL-2. 179 

The EcRBLL-1 gene (Gene Bank Accession N°: ECU08_1730) was PCR-amplified 180 

from E. cuniculi genomic DNA using the forward primer 5'-181 

gggaattcGAAAATTCCTCATTAACAATAAC-3' and the reverse primer 5'-182 

ggctcgagccgcggTTAAACAATGAGACAGTCACTA-3', containing respectively EcoRI and 183 

SacII restriction sites (underlined). After digestion, the purified PCR product was 184 

inserted into the corresponding sites of pPICZα-A vector (Invitrogen) and transformed 185 

into E.coli (DH5-α). Plasmids from positive clones were purified and sequenced. After 186 

linearization with the SacI enzyme, plasmids were used to transform P. pastoris 187 

KMH71 using EasySelect Pichia kit (Invitrogen), and recombinant yeasts were 188 

selected on YPDS- agar plates containing zeocin antibiotic (250 µg.mL-1). The culture 189 

and production steps were carried out according to manufacturer recommendations 190 

(Invitrogen). Briefly, recombinant yeasts were cultivated at 30°C in BMGY medium 191 

(1% yeast extract; 2% peptone; 100 mM of potassium phosphate, pH 6.0; 1.34% 192 

YNB (Yeast Nitrogen Base); 4x10-5% biotin; 1% glycerol) during 16h until reaching ∼4 193 

OD600. BMGY medium was then removed by centrifugation, and yeast cells were re-194 

suspended in the induction medium, BMMY (identical to BMGY except that glycerol 195 

was replaced with methanol 0.5%). The induction of the recombinant protein 196 

expression was carried out for 72h with methanol addition every 24h. The 197 

supernatant of the culture was collected by centrifugation at 4000 xg for 10 min, and 198 

the volume was reduced to 20 mL on 3 kDa ultrafiltration membrane using Stirred 199 

Ultrafiltration Cell (Millipore®), to concentrate the recombinant proteins. Proteins 200 
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were then purified by Ion Metal Chromatography Affinity (IMAC) (Protino® Ni-NTA, 201 

Macherey-Nagel®), and analyzed by SDS-PAGE (12%, wt/vol.). 202 

In support of GenBank sequence database related to AaRBLL-1 (GenBank 203 

Accession N°: MZ547653) andAaRBLL-2 (GenBank Accession N°: MZ547654), the 204 

genes were obtained by PCR amplification from A. algerae genomic DNA, using the 205 

primers 5’-ggggatccTTTGTAATACAGGAAAGAAGCAC-3’ and 5’-206 

gggctcgagCTATTTCGGAGCAAAAGAGGC-3’ for AaRBLL-1 and 5’-207 

gggggatccATGCTGATATTTTTCTTAAGTATC-3’ and 5’-208 

gggctcgagTTACATTCCCATTTGATTTAAAAACAT-3’ for AaRBLL-2. The BamHI and 209 

XhoI restriction sites (underlined) were added at the 5’ end of both primers, allowing 210 

the insertion of PCR products into the pET28a plasmid (Novagen) to generate 211 

pET28a-AaRBLL-1 and pET28a-AaRBLL-2. After transformation of E. coli DH5α 212 

strain and selection on LB-agar (kanamycin 30 µg.mL-1) plates, plasmid DNA of 213 

positive clones were purified and sequenced, and then transformed into E. coli BL21-214 

λDE3 strain for the expression of recombinant proteins. The expression was induced 215 

with IsopropylThioGalactoside (IPTG) 1mM for 4h from a culture in exponential 216 

growth (OD600 ∼ 0.4 - 0.6). Recombinant proteins were then purified by Ion Metal 217 

Chromatography Affinity (IMAC) (Protino® Ni-NTA, Macherey-Nagel®), and analyzed 218 

by SDS-PAGE (12%, wt/vol.).  219 

 220 

2.4 Polyclonal antibody production and immunoblotting 221 

Polyclonal antibodies against each recombinant EcRBLL-1 (recEcRBLL-1); AaRBLL-222 

1 (recAaRBLL-1) and AaRBLL-2 (recAaRBLL-2) protein were obtained after 223 

immunization of BALB/c mice. Mice were initially immunized with 100 µg of each 224 

purified protein emulsified with Freund’s complete adjuvant (Sigma) in the peritoneum 225 
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followed by four other injections of each purified protein emulsified with Freund’s 226 

incomplete adjuvant (Sigma). The serum was collected one week after the last 227 

injection and stored at -20°C. For immunoblotting, E. cuniculi and A. algerae proteins 228 

were extracted as follows: spores in Laemmli buffer (10% Glycerol, 2% SDS, 62.5 229 

mM Tris-Base pH 6.8, 0.0025% bromophenol blue, 100 mM DTT) were subjected to 230 

10 cycles of freezing-thawing cycles followed by 15 min of boiling. The sample was 231 

centrifuged 2 min at 14 000 xg. Total protein extract was collected by centrifugation 232 

at 14 000 xg for 5 min. Proteins were then separated by SDS-PAGE 12%, transferred 233 

onto polyvinylidene difluoride (PVDF) membranes (Merck), and blocked with a 234 

solution of PBS-milk 5% overnight at 4°C. Membranes were incubated with either 235 

anti-EcRBLL-1, anti-AaRBLL-1 and anti-AaRBLL-2 (1:200 dilution) for 2 hours at 236 

37°C. The secondary antibody, a goat anti-mouse IgG (H+L), HRP Conjugate 237 

(Promega) was incubated for 1 hour at RT. Membranes were revealed by 238 

chemiluminescence using the Clarity Western ECL Substrate kit (Biorad). 239 

 240 

2.5 Immunolocalization assays (IFA) on purified spores of E. cuniculi and A. 241 

algerae 242 

Purified spores were fixed in PFA 4% for 20 minutes at 4°C. Purified spores were 243 

incubated with glycine 0.1M for 5 min at RT. After a quick wash with PBS, a 244 

saturation step was performed with a blocking solution (PBS-bovine albumin serum 245 

(BSA) 1%, (wt/vol)) for one hour at RT. 246 

For purified E. cuniculi spores, a first immunolabeling was done by incubating the 247 

samples with a 1:100 dilution of anti-EcRBLL-1 mouse polyclonal antibodies for two 248 

hours at RT, then washed with 0.1% Triton X100-PBS and incubated for an 249 

additional hour at RT with a 1:1000 dilution of mouse IgG (H+L) secondary antibody, 250 
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Alexa Fluor 555 conjugate (Invitrogen). In a second time, the samples were 251 

incubated with a 1:500 dilution of anti-E. cuniculi rabbit serum (from a naturally 252 

infected rabbit) for one hour at RT, then washed with 0.1% Triton X100-PBS and 253 

incubated for an additional hour at RT with a 1:1000 dilution of rabbit IgG (H+L) 254 

secondary antibody, Alexa Fluor 488 conjugate (Invitrogen). 255 

For purified A. algerae spores, samples were incubated with antibodies against 256 

AaRBLL-1 or AaRBLL-2at 1:100 for 2 hours at RT. Samples were then washed with 257 

PBS and incubated for an hour at RT with a 1:1000 dilution of mouse IgG (H+L) 258 

secondary antibody, Alexa Fluor 555 conjugate.  259 

A staining of the genetic material of spores was performed with DAPI (4’,6-diamidino-260 

2-phenylindole) at 100 µg.mL-1 for 5 min at RT. Coverslips were mounted with 261 

Prolong Diamond Antifade Mounting (Invitrogen) and preparations were then 262 

observed with an epifluorescence microscope, magnification factor x 100 (LEICA DM 263 

IRB). 264 

 265 

2.6 Cytotoxic assay 266 

Human Fibroblast (MRC-5 or HFF) cells were seeded in 96-well-microplates at a 267 

density of 2 x 104 cells/well in MEM medium supplemented with 10% inactivated 268 

FBS, 2 mM glutamine, 2.5 µg mL-1 amphotericin B, 100 µg mL-1 kanamycin, 25 µg 269 

mL-1 gentamicin at 37°C in a humidified 5% CO2 atmosphere for approximately 48 h 270 

to reach confluence. The medium was then replaced by fresh culture medium 271 

containing different concentrations of the recombinant proteins recEcRBLL-1 and 272 

recAaRBLL-2 (25 µg mL-1), or anti-EcRBLL-1, anti-AaRBLL-1 and anti-AaRBLL-2 273 

mouse polyclonal antibodies (1:100) to evaluate their cytotoxicity on human cells. 274 

Negative control (cells with culture medium only) and positive control (cells with 20% 275 
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DMSO diluted in medium) were also added to each 96-well culture plate. Each 276 

condition was tested in triplicate. After incubation for 7 days at 37°C in a humidified 277 

5% CO2 atmosphere, the medium was removed and replaced by tetrazolium dye 278 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma Aldrich) at 279 

a 1:10 dilution in culture medium. Microplates were then incubated at 37°C for 2 h 280 

under slight shaking. The dye and medium were replaced by a solution of 281 

DMSO:Isopropanol (1/1, v/v) and incubated for 5 min at room temperature to dissolve 282 

the protein-bound dye for OD at 550 nm using a microplate reader (Multiskan FC, 283 

ThermoScientific).The cytotoxic effect of the recombinant proteins and polyclonal 284 

antibodies on host cells was analyzed by comparing to the negative control 285 

corresponding to 100% cell growth using a Wilcox test a non-parametric test with R 286 

studio software. Differences were considered significant if the p value was <0.05. 287 

 288 

2.7 In vitro growth inhibition assays  289 

The potential involvement of EcRBLL-1, AaRBLL-1 and AaRBLL-2 proteins in the 290 

infection process was addressed through inhibition tests, aiming to block the 291 

interaction between these proteins and their interactants at host cell surface, using 292 

antibodies as blocking agents or recombinant proteins as competitors. 293 

 294 

2.7.1 Effects of Anti-EcRBLL-1 and recEcRBLL-1 295 

After validation of non-cytotoxic effect of recEcRBLL-1 and anti-EcRBLL-1 antibodies, 296 

the anti-microsporidian assay was performed using non-cytotoxic concentrations of 297 

the recEcRBLL-1 (25 µg mL-1) and anti-EcRBLL-1antibodies (1:100) on E. cuniculi-298 

infected MRC-5 cells. Host cells were first seeded in 48 well culture plates at a 299 

density of 4 x 104 cells/well in the same culture medium described above. Cells were 300 
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allowed to grow at 37°C in a humidified 5% CO2 atmosphere. Triplicates wells per 301 

condition were created on the plate: (i) uninfected control group, (ii) infected control 302 

group, (iii) infected group exposed to the diluted recEcRBLL-1 and (iv) infected group 303 

exposed to the diluted anti-EcRBLL-1. The uninfected control group in each plate 304 

allowed measuring the background signal in the ELISA assay. When cells reached 305 

confluence, the medium was replaced by fresh culture medium containing or not 306 

recEcRBLL-1 for one hour at 37°C. Meanwhile, E. cuniculi spores were pretreated 307 

with anti-EcRBLL-1 antibodies and incubated at 37°C for 1 h. After the incubation 308 

time, 2 x 105 spores of E. cuniculi were added to the pretreated cells with 309 

recEcRBLL-1 for an hour. Pretreated spores were also put in contact with host cells 310 

for one hour. Culture medium was removed, cells were gently rinsed with PBS and 311 

fresh culture medium was added to each well. After 7 days, the culture medium was 312 

removed and cells were fixed with methanol at -20°C for 30 min. Methanol was 313 

removed and after a quick wash of the cells with PBS, cells were saturated with 100 314 

mM Tris-2% BSA (Sigma-Aldrich) overnight. Then cells were incubated at 37°C for 1 315 

h with an anti-E. cuniculi rabbit serum (from naturally infected rabbit) diluted at 316 

1:1000 in a dilution buffer (10 mM Tris pH = 8, 150 mM NaCl, 0.05% Tween 20, 0.2% 317 

BSA Sigma-Aldrich). Cells were washed five times with washing buffer (10 mM Tris 318 

pH = 8, 0.05% Tween 20) and incubated at 37°C for 1h with an anti-rabbit antibody 319 

(Anti-Rabbit IgG AP Conjugate, Promega) diluted at 1:10 000 in antibody dilution 320 

buffer. The cells were washed five times with washing buffer and the substrate 321 

solution (0.1 mM 4-méthylumbelliferyl phosphate (MUP), 1 mM MgCl2, 50 mM 322 

Na2CO3 pH = 9.8; Sigma-Aldrich) was added. After incubation at 37°C for 30 min 323 

under slight shaking, the reaction was stopped by the addition of 3 M NaOH and the 324 
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fluorescence was measured with a Fluoroskan Ascent FL, using excitation and 325 

detection wavelengths of 355 nm and 460 nm, respectively.  326 

 327 

2.7.2 Effects of Anti-AaRBLL-1, anti-AaRBLL-2 and recAaRBLL-2 328 

HFF cells were seeded on coverslips at a density of 105 cells per well in 24 well 329 

culture plates in the same culture medium described above.  330 

Once confluence was reached, on one side cells were pretreated with recAaRBLL-2 331 

(25 µg mL-1) for one hour at 30°C in culture medium. After the incubation time, cells 332 

were put in contact with 3 x 105 spores of A. algerae for one hour. Culture medium 333 

was then removed, cells were gently rinsed with PBS and fresh culture medium was 334 

added to each well.   335 

On the other side, 3 x 105 spores  were pretreated with either anti-AaRBLL-1 or anti-336 

AaRBLL-2 antibodies (1:100) for an hour at 30°C. Pretreated spores were then put in 337 

contact with host cells for an hour. Culture medium was removed, cells were gently 338 

rinsed with PBS and fresh culture medium was added to each well. Triplicate wells 339 

were done on each plate. 340 

After 7 days of incubation at 30°C in a humidified 5% CO2 atmosphere, the culture 341 

medium was removed and cells were fixed in PFA 4% at 4°C for 20 min. The 342 

observation and quantification of infectious foci was done using fluorescence in situ 343 

hybridization (FISH) method.  344 

A post fixation was done in 50% ethanol for 15 min followed by ethanol 100M for 10 345 

min. After two wash of 15 min in PBS, a pre-hybridization was done in a solution 346 

PBS: hybridization buffer (TH) (20 mM Tris-HCl pH 7.8; 0.9 M NaCl; 1X Denhardt’s 347 

solution (VWR Life Science) and 0.01% SDS for 15 min at room temperature, 348 

followed by a 15 min incubation in TH solution. A last incubation in TH solution was 349 



 15

done for 20 min at 45°C. TH solution was replaced by the hybridization solution 350 

containing 5’-Cy3-labeled ssuRNA A. algerae specific-probe (Eurofins) 351 

GTACTATCCAGTCCGCTC-3’ (ANN01-Cy3) (50 µM ANN01-Cy3 probe and 0.5 µM 352 

of warmed TH at 45°C). Plates were placed at 45°C for 3 h. After this incubation, the 353 

hybridization solution was removed and two 30 min-washes with warmed TH solution 354 

were done. TH solution was replaced with PBS. DNA was stained with DAPI for 30 355 

min. Coverslips were mounted with Prolong Diamond Antifade Mounting. The 356 

percentage of infected cells was assessed by counting cell nuclei and infectious foci 357 

in 10 randomly chosen fields from each coverslip.  358 

 359 

2.7.3 Statistical analysis 360 

The effects of recEcRBLL-1 and recAaRBLL-2 or anti-EcRBLL-1; anti-AaRBLL-1 and 361 

anti-AaRBLL-2 polyclonal antibodies on the infection of host cells by either E. cuniculi 362 

or A. algerae were analyzed by comparing to the infected control corresponding to 363 

100% parasite growth of each independent experiment using a Wilcox test, a non-364 

parametric test with R studio software. For each independent experiment, infected 365 

control was compared to each condition in order to determine if a significant 366 

difference was observed. Differences were considered significant if the p value was 367 

<0.05 and highly significant if the p value was <0.001. 368 

 369 

3. Results 370 

3.1 Bioinformatic characterization of EcRBLL-1, AaRBLL-1 and AaRBLL-2 371 

Our strategy allowed us to identify in E. cuniculi a hypothetical protein, composed of 372 

214 amino acids with a predicted molecular weight (MW) of 23.4 kDa. The EcRBLL-1 373 

protein displayed a significant score of extracellular prediction, associated with the 374 
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identification of a cleavage site between the amino acids A19 and K20 related to a 375 

probable peptide signal (Fig.1A). A putative carbohydrate binding domain related to 376 

RBLL (Ricin-B lectin like) was identified in the region extending from the amino acids 377 

aa54 to aa133 (Fig. 1A). The glycosylation pattern of EcRBLL-1 has been analyzed 378 

and has revealed the prediction of one and six potential sites for N-glycosylation and 379 

O-glycosylation respectively (Fig. 1A). 380 

In the same way, two hypothetical proteins, named AaRBLL-1(Accession Number 381 

MZ547653) and AaRBLL-2 (Accession Number MZ547654), were identified in A. 382 

algerae. AaRBLL-1 and AaRBLL-2 are composed of 202 and 181 amino acids 383 

respectively, with a deduced molecular weight of 23.4 kDa for AaRBLL-1 and 20.2 384 

kDa for AaRBLL-2. No signal peptide was predicted for AaRBLL-1 whereas AaRBLL-385 

2 displayed a peptide signal using the Microsporidia DB SignalP tool (version June 386 

2020). WoLF PSORT online software predicted a nuclear and extracellular 387 

localization for AaRBLL-1 and AaRBLL-2 respectively. Despite the results obtained 388 

for  AaRBBLL-1, this protein was selected according to a shaving approach, aiming 389 

at identifying A. algerae surface proteins (Prybylski et al., in preparation). The search 390 

of carbohydrate binding domain highlighted a RBLL domain for both AaRBLL-1 and 391 

AaRBLL-2 protein, localized between aa38 and aa102 and between aa65 and aa120, 392 

respectively (Fig. 1A). As for A. algerae, putative glycosylation sites have been 393 

predicted including only three O-glycosylation sites for AaRBLL-1, and one N-394 

glycosylation and one O-glycosylation site for AaRBLL-2. 395 

The similarity between the three RBLL proteins was analyzed by sequence alignment 396 

which revealed no significant homology between the protein sequences, suggesting 397 

their membership to functionally distinct proteins. Hence, the identification of a RBLL 398 

would not involve large amino acids sequence conservation, but might be associated 399 
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to specific secondary and tertiary structure organization. This hypothesis was 400 

confirmed by modeling 3D structure using Phyre2 software. The three RBLL were 401 

associated to similar 3D models of agglutinin and ß-glucanase, and were shown to 402 

comprise in majority of ß-strands and a weak percentage of α-helix that are 403 

frequently found in lectins (Table 1). 404 

 405 

3.2 Polar tube and spore wall localization of EcRBLL-1, AaRBLL-1 and AaRBLL-406 

2 407 

For immunolocalization experiments, polyclonal antibodies against EcRBLL-1, 408 

AaRBLL-1 and AaRBLL-2 proteins were generated by immunization of mice with 409 

recombinant proteins. The recombinant proteins were systematically performed both 410 

in E. coli and P. pastoris systems, but only the expression system allowing high level 411 

of expression and purification was retained. After purification by IMAC, the purified 412 

proteins were analyzed in SDS-PAGE, and only single band was revealed with 413 

expected sizes of about 20 kDa for recAaRBBL-2 and closed to 23 kDa for both 414 

recEcRBLL-1 and recAaRBLL-1. However, as recAaRBLL-1 was insoluble and 415 

purified under denaturing conditions, the recombinant protein was only used for 416 

antibody production and not as competitor for growth inhibition tests. 417 

Polyclonal antibodies specificity was analyzed by Western blot both on spore proteins 418 

extracts of both species and total proteins extracted from host cells, used as negative 419 

controls. As shown in figure 1B, only a single protein band was detected at about 28 420 

kDa with anti-EcRBLL-1 antibodies in E. cuniculi sporal proteins, and close to 25 kDa 421 

and 20 kDa with respectively anti-AaRBLL-1 and anti-AaRBLL-2 antibodies for spore 422 

proteins from A. algerae. However, two extra bands were detected at about 35 kDa 423 

and 30 kDa with anti-AaRBLL-1-antibodies that could potentially correspond to other 424 
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RBL proteins. Indeed, bio-informatics analysis reveals the presence of several RBL 425 

proteins in A. algerae proteome close to these approximate weights (data not 426 

shown). Moreover, the fact that the reactive bands sizes did not match the predicted 427 

molecular weights 23 kDa for EcRBLL-1 and AaRBLL-2 may be attributed to their 428 

post-translational modifications such as glycosylation that was predicted on these 429 

proteins. No cross hybridization with each antibody was also observed between 430 

spore proteins from E. cuniculi and A. algerae.  431 

To investigate the localization of EcRBLL-1 in E. cuniculi spores, anti-EcRBLL-1 432 

antibodies were used for immunofluorescence analysis (IFA). A first immunolabeling 433 

was performed with the anti-EcRBLL-1 mouse polyclonal antibodies followed by a 434 

second immunolabeling using an anti-E. cuniculi rabbit serum (from naturally infected 435 

rabbits). Fluorescence labeling demonstrated that anti-EcRBLL-1 polyclonal 436 

antibodies reacted with the extruded polar tube of the spore (Fig. 2). As expected the 437 

anti-Ec rabbit serum, labeled the whole extruded polar tube as well as the spore wall 438 

of mature spores. Interestingly, the merge of anti-Ec rabbit serum and anti-EcRBLL-1 439 

fluorescences highlighted a define region at the tip of the polar tube only labeled with 440 

the anti-EcRBLL-1 polyclonal antibodies. Furthermore, the quantification of the anti-441 

EcRBLL-1 signal intensity, confirmed the heterogeneous intensity of labeling 442 

throughout the polar tube, with a higher intensity localized at the tip of the labeling 443 

(Fig. 2). Localizations of both AaRBLL-1 and AaRBLL-2 in A. algerae spores were 444 

also analyzed by IFA using anti-AaRBLL-1and anti-AaRBLL-2 polyclonal antibodies. 445 

Both AaRBLL-1and AaRBLL-2 were detected on the spore wall and the polar tube. 446 

However, the labelling of the spore wall was more distinct with anti-AaRBLL-2 than 447 

with anti-AaRBLL-1 (Fig. 3 and 4).  448 

 449 
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3.3 Decrease of adherence and infection using recombinant proteins 450 

recEcRBLL-1 and recAaRBLL-2, and anti-EcRBLL-1, anti-AaRBLL-1, anti-451 

AaRBLL-2 antibodies as competitors of spore adherence 452 

Cytotoxic assays were performed in order to determine the cytotoxicity on host cells 453 

of the recombinant proteins recEcRBLL-1and recAaRBLL-2 used at 25 µg.mL-1 and 454 

of the anti-EcRBLL-1, anti-AaRBLL-1 and anti-AaRBLL-2 antibodies used at a 455 

dilution of 1:100. The recombinant proteins and the antibodies showed non-cytotoxic 456 

effect on MRC-5 and HFF cells corresponding to the host cells of E. cuniculi and A. 457 

algerae respectively (Fig. S1).  458 

To further analyze the role of EcRBLL-1 in cell adherence/invasion, antibody and 459 

recombinant protein blocking assays were performed. The effect on E. cuniculi 460 

infection using anti-EcRBLL-1 antibodies and the recombinant protein was measured 461 

by ELISA assay. Incubations of recEcRBLL-1 (25 µg mL-1) or anti-EcRBLL-1 (1:100) 462 

with MRC-5 cells showed a decrease in the growth of E. cuniculi with inhibition 463 

percentages ranging from 12.3% to 23.7% (Fig. 5, Supplementary data Fig. S2 and 464 

S3). Indeed, when cells were put in contact with anti-EcRBLL-1 and were infected 465 

with 2 x 105 spores, a decrease on average of 12.3% in the growth of the parasite 466 

was observed. In parallel, a pretreatment of cells with recEcRBLL-1 infected at 2 x 467 

105 spores led to a reduction on average of 23.7% of the parasite growth ( p <0.001). 468 

The involvement of AaRBLL-1 and AaRBLL-2 in spore adherence and infection was 469 

analyzed as described previously. The growth inhibition of A. algerae was quantified 470 

by using fluorescence in situ hybridization (FISH) method. Cell nuclei and infectious 471 

foci in 10 randomly chosen fields from each coverslip were counted in order to 472 

assess the percentage of infected cells over total cells. A pre-treatment with anti-473 

AaRBLL-1 and anti-AaRBLL-2 polyclonal antibodies or the recombinant protein 474 
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recAaRBLL-2 decreased the proliferation of the parasite on average by 67.6%, 475 

68.5%, and 59.3% respectively (Fig. 6). No pre-treatment with recAaRBLL-1 was 476 

done as the insoluble recombinant protein was purified in denaturing conditions. 477 

 478 

4. Discussion 479 

The adherence of intracellular parasites to host cell is the first step of the infection 480 

process. In Microsporidia, spore wall and polar tube proteins play an important role in 481 

the interaction between spores and host cells [27]. Several proteins that can interact 482 

with host cells have already been described in particular in N. bombycis, 483 

Encephalitozoon spp., and A. locustae [23–28]. In the present study, candidate 484 

proteins from E. cuniculi and A. algerae were selected based on the prediction on 485 

several motifs such as signal peptide and a Ricin-B-lectin like domain.  486 

The results of subcellular localization and glycosylation site prediction showed that 487 

EcRBLL-1 and AaRBLL-2 are potential secreted proteins and that all three proteins 488 

may bind to carbohydrates. However, only AaRBLL-1 does not possess a signal 489 

peptide that could be explained by the fact that the algorithms used (WoLF PSORT 490 

and SignalP) have been set up on genetics models which are not completely adapted 491 

to Microsporidia. In this way, the protein SWP12 from N. bombycis was shown to be 492 

present at the spore coat by IFA even though no signal peptide was predicted 493 

[45,46]. The three selected proteins possess a Ricin-B-lectin domain known to be 494 

important in parasite adherence and infection in Microsporidia [32,33]. The analysis 495 

of RBL proteins in microsporidian species revealed a large heterogeneity in 496 

sequences but also no significant analogy between the protein sequences found 497 

within a same species. However, the presence of common structures in the RBLL 498 

proteins, in particular like in agglutinin and ß-glucanase, could be linked to the 499 
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conservation of the function of carbohydrate binding as exemplified by the 3D 500 

prediction model (Table 1). The comparison of A. algerae and E. cuniculi proteomes 501 

revealed a greater number of RBL proteins in A. algerae proteome (∼17 for A. 502 

algerae versus 6 for E. cuniculi). The RBL protein encoding genes are found in other 503 

microsporidian species, N. ceranae and S. lophii, respectively parasites of 504 

honeybees and monkfish and are organized as clusters in genome sequences. It is 505 

also the case for E. cuniculi as RBLL genes are found in syntenic blocks including 506 

our EcRBLL-1 gene [32]. The low size of A. algerae genome contigs did not allow us 507 

to analyze RBLL gene synteny in this genome. Campbell et al., 2013 [32] 508 

hypothesized that RBL paralogs have arisen from duplication in each species and 509 

may have contributed to host adaptation. Hence, this difference in the number of 510 

proteins present in A. algerae and E. cuniculi could be linked to the broad host range 511 

of A. algerae going from mammals to insects.  512 

The results of immunolocalization on E. cuniculi and A. algerae spores and polar tube 513 

demonstrate an heterogenicity of labelling. The difference of localizations of the three 514 

proteins (dual localization on polar tube and the spore wall for A. algerae and 515 

restricted to polar tube for E. cuniculi) argues for the fact that they are probably 516 

functionally different during the invasion process. The more intensive labeling of 517 

EcRBLL-1 at the tip polar tube has questioned about the role of this protein in the 518 

attachment to the host cell membrane before the piercing of the polar tube. This 519 

could correspond to the tip of the polar tube or to the sporoplasm. A specific 520 

sporoplasm marker needs to be developed to answer this question. Transmission 521 

electron microscopy will also be helpful to address this questioning. The A. algerae 522 

and E. cuniculi RBLLs may be also different from the one identified in N. bombycis 523 

[33] as NbRBL was only localized at the spore wall. Despite these differences, they 524 
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are all involved in the host cell infection, as a significant decrease of E. cuniculi and 525 

A. algerae proliferation was observed after pre-treatments of host cells with 526 

recombinant proteins or microsporidian spores with polyclonal anti-RBLL proteins. 527 

These results were consistent with previous results observed for NbRBL binding to 528 

carbohydrates and contributing to spore adherence [33]. Indeed, RBL proteins could 529 

be released during spore germination as the spore content is passing through the 530 

polar tube. EcRBLL-1, AaRBLL-1 and AaRBLL-2 could then contribute to the 531 

anchoring of the polar tube, by binding to host cells carbohydrates by means of the 532 

Ricin-B-Lectin domain. The distance between host cell and spores being shorter for 533 

germination, the sporoplasm would be internalized by endocytic mechanism into the 534 

host cell (Supplementary data Figure S1). 535 

However, EcRBLL-1, AaRBLL-1 and AaRBLL-2 did not abolish the infection 536 

indicating the involvement of other components in the molecular basis of spore 537 

adherence. These proteins all possess a Ricin B Lectin region and it has been shown 538 

that this lectin interacts with glycolipids or glycoproteins on cell surface [35,36]. Once 539 

the lectin has interacted with sugar moieties of host cells, it is presumably imported 540 

into endosomes into the cytosol of host cells [34].  541 

RBL proteins are described as glycoproteins composed of two chains, a chain A 542 

involved in the inhibition of protein synthesis and a chain B (lectin) interacting with 543 

glycoproteins and glycolipids at the cell surface [36,47]. Ricin-B Lectins can be 544 

involved in different mechanisms such as protein activity inhibition, apoptosis 545 

pathways or release of cytokine inflammatory mediators [47]. Several pathogens 546 

synthesize lectins often reported to be interacting with glycoconjugates on host cells 547 

promoting cell adherence, invasion and colonization of host cells [48–51]. 548 

Entamoeba histolytica trophozoites, an enteric protozoan parasite, possess a cell 549 
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surface lectin mediating the adherence of the parasite to host galactose and N-550 

acetyl-D-galactosamine [52,53]. The secreted Microneme (MICs) and rhoptry 551 

proteins (ROPs and RONs) of the protozoan parasite, Toxoplasma gondii play an 552 

important role in host cell recognition, attachment and penetration [54]. Two MICs 553 

proteins, MIC1 and MIC4, have lectin domains capable of binding to oligosaccharides 554 

with sialic acid and D-galactose in the terminal position, respectively [48,55–58]. 555 

However, the molecular mechanism of RBL interaction with host cells is unknown in 556 

Microsporidia. 557 

To conclude and in order to further understand the infection process, it would be 558 

interesting to identify potential cellular receptors targeted by microsporidian RBLLs at 559 

the host cell surface using technics allowing the identification of protein-protein 560 

interactions such as co-immunoprecipitation or pull-down approaches. In parallel, 561 

functional approaches based on RNAi could help to better understand the role of the 562 

RBLL proteins in adherence and infection processes in Microsporidia. Huang in 2018 563 

[59] demonstrated that A. algerae is one of the microsporidian species that possess 564 

RNA interference (RNAi) genes and could therefore constitute an appropriate model 565 

for such an approach. Few studies have investigated the efficiency of using siRNA 566 

targeting specific genes in Microsporidia, mainly in N. ceranae and Heterosporis 567 

saurida, microsporidian parasites of honeybee  and lizardfish respectively [60,61]. 568 

Finally, our findings contribute to the deciphering of the adherence of E. cuniculi and 569 

A. algerae to host cells, in which EcRBLL-1, AaRBLL-1 and AaRBLL-2 may play a 570 

significant role and could pave the way to develop new therapeutic/prophylactic 571 

methods to control these intracellular parasites.  572 
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Figure 1 : A) Protein sequences of EcRBLL-1, AaRBLL-1, AaRBLL-2. The 806 

putative carbohydrate binding Ricin B Lectin superfamily (IPR035992) are indicated 807 

in blue. Peptide signals obtained with SignalP for EcRBLL-1 and AaRBLL-2 are 808 

underlined; O-glycosylation potential sites are indicated in bold and N-glycosylation in 809 

bold underlined. B) Western Blot analysis. B) Anti- EcRBLL-1 antibody. In lane 1, 810 

total  E. cuniculi spore protein extract. A signal was obtained at 28 kDa. C) Anti- 811 

AaRBLL-1 antibody and D) Anti- AaRBLL-2 antibody. In lane 1, total  A. algerae 812 

spore protein extract; lane 2. C) A signal was obtained around 25 kDa D) A single 813 

signal was obtained around 20 kDa. 814 

 815 

Figure 2 : A) Localization of EcRBLL-1 in Encephalitozoon cuniculi. Spores 816 

were visualized using a fluorescence microscope after a first incubation with mouse 817 

polyclonal antibodies against EcRBLL-1 followed by a second immunolabelling using 818 

an anti-E. cuniculi rabbit serum (from naturally infected rabbit). Fluorescence labeling 819 

demonstrated that the anti- EcRBLL-1polyclonal antibodies reacted with the polar 820 

tube of the spore with an unequal labelling intensity along the polar tube. The anti-E. 821 

cuniculi rabbit serum reacted as expected with the spore wall as well as the polar 822 

tube of mature spore. However, when both labeling were merged, the tip of the polar 823 

tube only reacted with the anti- EcRBLL-1 polyclonal antibody (white arrow). B) 824 

Intensity of pixels of the immuno-localization of EcRBLL-1 in E. cuniculi. 825 

Spores were visualized using a confocal microscope after incubation with antibodies 826 

against EcRBLL-1. Afterwards, a graph of the intensity of pixels from the image was 827 

obtained using Fijii ImageJ software to highlight the unequal localization of EcRBLL-1 828 

throughout the polar tube, in particular at the tip of the polar tube (white arrow). The 829 

arrowhead shows the labelling of the genetic material of the spore (in the same plane 830 
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as the PT labeling) using DAPI, indicating that the sporoplasm was not yet 831 

transferred through the polar tube.  832 

Figure 3 : Localization of AaRBLL-1 in A. algerae. Spores were visualized using a 833 

fluorescence microscope after a first incubation with antibodies against AaRBLL-1 834 

diluted at 1:100. A) Brightfield allows the observation of spores and some of the polar 835 

tubes (arrows). B) Green fluorescence signals were observed on the spore wall 836 

(arrowheads) as well as on the polar tube (arrows).  837 

 838 

Figure 4 : Localization of AaRBLL-2 in A. algerae. Purified spores were visualized 839 

using a fluorescence microscope after a first incubation with primary antibodies 840 

against AaRBLL-2 diluted at 1:100. A) Brightfield allows the observation of spores 841 

and some of the polar tubes (arrows). B) Green fluorescence signals were observed 842 

on polar tubes C) as well as on spore wall (arrowheads).  843 

 844 

Figure 5 :  Antimicrosporidian activities of anti- EcRBLL-1 antibody and 845 

recEcRBLL-1. Inhibition assay was performed using non-cytotoxic concentrations of 846 

the A) anti- EcRBLL-1 antibody at 1:100 and B) recEcRBLL-1 (25 µg mL-1) on E. 847 

cuniculi-infected MRC-5 cells. Parasite proliferation was measured 7 days post-848 

infection. A) and B) each represent only one independent experiment from two A) 849 

and five B) replicates. Each condition was done in triplicate. Parasite proliferation 850 

was analyzed by comparing treated conditions to the infected untreated control using 851 

a Wilcox test. Differences were considered significant if the p value was < 0.001 (*). 852 

A) A decrease on average of 12.3% in the growth of the parasite was observed when 853 

cells were infected with 2 x 105 spores pre-treated with anti-EcRBLL-1. B) A pre-854 

treatment of MRC-5 cells was done with 25 µg mL-1 of recEcRBLL-1 followed by an 855 
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infection with 2 x 105  spores. A  reduction on average of 23.7% of parasite growth 856 

was observed.  857 

 858 

Figure 6 : Antimicrosporidian activities of recAaRBLL-2 and anti-AaRBLL-2, 859 

anti-AaRBLL-1 polyclonal antibodies. Inhibition assay was done by pre-treating a 860 

solution of A. algerae spores with each polyclonal antibody at 1:100. After a quick 861 

PBS wash, spores were put in contact with HFF cells for 5 days. Parasite proliferation 862 

was then visualized by a FISH method. Results originate from 3 independent 863 

infection repeated twice. The percentage of infected cells was assessed by counting 864 

cell nuclei and infectious foci in 10 randomly chosen fields on three coverslips. 865 

Parasite proliferation was analyzed by comparing treated conditions to the infected 866 

untreated control using a Wilcox test. Differences were considered significant if the p 867 

value was < 0.001 (**). The control group are non-treated infected cells. Compared to 868 

the control group, pre-treatments with  recAaRBLL-2, anti-AaRBLL-2 and anti-869 

AaRBLL-1 decreased the parasite proliferation on average by 59.3%, 68.5% and 870 

67.6% respectively.  871 

 872 

 873 

 874 

  875 

 876 

  877 
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 878 

 879 

 880 

 881 

Table 1 : Structure and functional analysis of the RBLL proteins obtained with 

Phyre2 online software. 

According to this algorithm, the likely accuracy of the model is determined by the 

percentage identity between our sequences and templates. Moreover, a low 

sequence identity (<15%) model can be useful as long as the confidence is high. A 

match with a confidence >90%, indicates that the protein adopts the overall fold 

shown in the 3D model.   
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